Gold clusters adsorbed with CO, Au m (CO) n Ϫ (mϭ2 -5; nϭ0 -7), were studied by photoelectron spectroscopy ͑PES͒. The first few CO adsorptions were observed to induce significant redshifts to the PES spectra relative to pure gold clusters. For each Au cluster, a critical CO number (n c ) was observed, beyond which the PES spectra of Au m (CO) n Ϫ change very little with increasing n. n c was shown to correspond exactly to the available low coordination apex sites in each Au cluster. CO first chemisorbs to these sites and additional CO then only physisorbs to the chemisorption-sautrated Au m (CO) n Ϫ complexes. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1850091͔
Gold is the noblest of all metals in the periodic table. Therefore, the discovery of catalytic activity in gold nanoparticles 1 was quite remarkable and has attracted considerable attention in nanocatalysis and cluster science. In particular, gold nanoparticles are able to catalyze low temperature CO oxidation, whose mechanisms have been the focus of extensive investigations lately. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Different models have been proposed, but the exact mechanisms that govern this highly useful catalytic reaction are still under debate. 34 Size-selected cluster deposition studies 11, 12 and gas phase experimental 14 -23 and theoretical 24 -29 studies represent alternative approaches to model this reaction in a well-controlled manner and can provide fundamental understanding at the molecular level. Recent experimental and theoretical studies established that O 2 adsorbs molecularly on gold clusters and nanoparticles. 6, 14, 25, 26, 29 Coadsorption of CO and O 2 on small gold clusters was also investigated by mass-spectrometrybased experiments and by DFT calculations. 16 -18,28 Importantly, they were shown to adsorb cooperatively, rather than competitively. 16, 18 However, relatively little experimental information is available on how CO interacts with small gold clusters and nanoparticles, particularly regarding the electronic and structural properties of the CO chemisorbed gold clusters. A number of chemical reaction studies of gold clusters with CO have been reported and size dependence and saturation were observed. [19] [20] [21] [22] There have also been recent experimental and theoretical works concerning CO adsorption on isolated and supported gold clusters, 4, 8, 27, 28 but definitive experimental structural information is still elusive.
Here we report a photoelectron spectroscopy ͑PES͒ study of CO-adsorbed gold clusters, Au m (CO) n Ϫ (mϭ2 -5; nϭ0 -7). We observed that the first few CO induce significant shifts to the PES spectra relative to those of the bare clusters, suggesting strong chemisorption interactions between CO and the gold clusters. For each series, the CO adsorption reaches a critical number (n c ), beyond which the PES spectra change very little with increasing n, a clear spectroscopic signature of a transition from chemi-to physisorption. The experiments were carried out using a magnetic bottle PES apparatus equipped with a laser vaporization cluster source, details of which were described elsewhere. 35 Briefly, the Au m (CO) n Ϫ cluster anions were produced by laser vaporization of a pure gold target in the presence of a helium carrier gas seeded with 2% CO. Various Au m (CO) n Ϫ clusters were generated and mass-analyzed using a time-offlight mass spectrometer. The Au m (CO) n Ϫ (mϭ2 -5; n ϭ0 -7) species of current interest 36 were each mass-selected and decelerated before being photodetached. Four detachment photon energies were used in the current study: 532 nm ͑2.331 eV͒, 355 nm ͑3.496 eV͒, 266 nm ͑4.661 eV͒, and 193 nm ͑6.424 eV͒. Photoelectrons were collected at nearly 100% efficiency by the magnetic bottle and analyzed in a 3.5 m long electron flight tube. The PES spectra were calibrated using the known spectra of Au Ϫ and Rh Ϫ , and the energy resolution of the apparatus was ⌬Ek/Ekϳ2.5%, that is, ϳ25 meV for 1 eV electrons. Ϫ up to nϭ5 and for Au 4 Ϫ and Au 5 Ϫ up to nϭ7. But the additional spectra do not show significant changes and are not shown. Spectra for all the clusters were taken at four different detachment energies ͑532, 355, 266, and 193 nm͒. The higher photon energies allow more electronic transitions to be accessed, whereas the lower photon energies are able to provide better-resolved spectra for the lower binding energy features. The adiabatic ͑ADE͒ and vertical ͑VDE͒ detachment energies for the lowest binding energy feature were obtained from the low photon energy spectra and are given in Table I for all species. The ADEs are also plotted in Fig. 3 as a function of CO numbers.
Au 2 is closed shell with a large HOMO-LUMO gap ͑2.0 eV͒, as revealed in the PES spectrum of Au 2 Ϫ ͓Fig. 1͑a͔͒. Upon CO adsorption, the spectral features are similar to those of Au 2 Ϫ , but the lowest binding energy feature ͑X͒ is significantly redshifted by 0.69 eV for the first CO and 0.56 eV by the second CO. However, the third CO does not produce a redshift, but rather induces a slight blueshift by 0.17 eV ͑Table I͒. For Au 3 Ϫ , we also observed that the first two CO induce significant redshift to the PES spectra ͓Fig. 1͑b͔͒, whereas the third CO appears to have very little effect: It produces a very slight blueshift ͑0.04 eV͒, but the spectral pattern of Au 3 (CO) 3 Ϫ is nearly identical to that of Au 3 (CO) 2 Ϫ . We have PES data up to nϭ5, but the spectra of Au 3 (CO) 4 Ϫ and Au 3 (CO) 5 Ϫ ͑not shown͒ are identical to that of Au 3 (CO) 3 Ϫ , each with a very small blueshift ͑Table I͒. The CO adsorption behavior of Au 4 Ϫ is similar, but here the first three CO each induce a significant redshift to the PES spectra ͓Fig. 2͑a͔͒. The fourth CO only produces a redshift of 0.02 eV. Additional CO up to nϭ7 yielded PES spectra identical to that of Au 3 (CO) 4 Ϫ , as can be seen by the similarity between the spectra of nϭ4 and 5 in Fig. 2͑a͒ . The CO adsorption behavior of Au 5 Ϫ is slightly different, only because the first CO induces a huge blueshift of 0.85 eV ͓Fig. 2͑b͔͒. This is due to the special electronic structure of Au 5 (CO) Ϫ , which can be considered to be a eight-electron system ͑a major shell closing in the electron shell model͒ as discussed previously. [19] [20] [21] 37 However, subsequent CO adsorption each produces redshift up to nϭ4, beyond which both the electron binding energies and the spectral pattern change little between nϭ5 to 7. Starting at Au 5 (CO) 3 Ϫ , the first PES band seemed to show a splitting, which can be seen more clearly in Au 5 (CO) 4 Ϫ and all the large clusters for n ϭ5 -7. clusters are used up, further CO adsorption has relatively little effect on the electronic structure of the chemisorbed Au m (CO) n Ϫ clusters, indicating the physisorption regime. Thus, the PES spectra ͑Figs. 1 and 2͒ reveal vividly a transition from chemi-to physisorption of CO on Au clusters. Importantly, the maximum numbers of chemisorbed CO correspond precisely to the available low-coordination apex sites on each Au m Ϫ cluster, as can be seen from the structures of the bare Au clusters given in Fig. 3 . [30] [31] [32] The letters ͑a,b,c,d͒ indicate the CO chemisorption sites. For Au 2 Ϫ and Au 3 Ϫ , the two terminal Au atoms ͑a,b͒ should be the natural sites for CO chemisorption. For Au 4 Ϫ , there are two lowlying isomers, a linear one and a Y-shaped one. [30] [31] [32] The maximum of three chemisorbed CO suggests that the Au 4 Ϫ cluster possesses the Y-shaped structure, 31, 32 which has three peripheral low-coordination sites. The most likely chemisorption sites for the M-shaped Au 5 Ϫ are also labeled in Fig.  3 . It is interesting to note that the fifth Au atom with a coordination number of only 4 is not a chemisorption site. The current experimental observation is consistent with a recent theoretical study of multiple CO adsorption on small Au cluster anions, 28 as well as recent experimental and theoretical evidence that shows that the active sites for CO adsorption on supported Au nanoparticles are in fact lowcoordination Au atoms. 8, 13 In the tetrahedral Au 20 cluster, 33 DFT calculations show that the four corner atoms are the favorite sites for CO adsorption with a 0.84 eV CO binding energy, whereas the four face-center atoms are the least favorite with a CO binding energy of only 0.15 eV. The PES data also provides insight into the mechanisms for the cooperative coadsorption of CO and O 2 on gold cluster anions. 16, 18 The interactions of Au clusters with CO and O 2 are fundamentally different. CO interacts with Au as a electron donor, whereas O 2 is an electron acceptor. We note that the CO chemisorption induces significant lowering of the electron binding energies to the Au m (CO) n Ϫ chemisorbed clusters, making them better electron donors and enhancing their interaction with O 2 . The chemisorption of O 2 withdraws electron density from Au clusters, making them better electron acceptors and enhancing their interactions with CO. Thus, CO and O 2 are chemisorption promoters to each other, naturally leading to cooperative adsorption on Au clusters. The same mechanism should work in real gold catalysts and may hold the key for understanding why gold nanoparticles are capable of catalyzing CO oxidation at low temperatures. This work was supported by the National Science Foundation ͑CHE-0349426͒ and performed at the EMSL, a national scientific user facility sponsored by DOE's Office of Biological and Environmental Research and located at the Pacific Northwest National Laboratory, operated for DOE by Battelle. 
